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Abstract 

An electrolysis cell for hydrogen gas production was constructed in the form of a fixed bed. The electrodes were made from 
316L stainless steel in the form of cylinders 15 mm in height and diameter (aspect ratio = 1). The electrodes were immersed in 
an aqueous solution of 1 M, 1.5 M, and 2 M sodium hydroxide. Both anodic and cathodic solutions were pumped from a 30-
liters stainless steel storage tank by two plastic pumps. Flowrate was varied during the experiments between 1,2, and 3 
liters/min. The cathodic and anodic compartments were separated by a cation exchange membrane (Fumasep E-620-K). The 
membrane is characterized by a non-reinforced, small thickness of 20µm, with very low resistance, high selectivity, and high 
stability in different pH environments. Using cylindrical electrodes allowed to maximize of the surface area on each side of 
the cell with the same NaOH concentration. The effect of current density was investigated by conducting experiments at, 4 
mA/cm2, 6 mA/cm2, and 8 mA/cm2. The temperature was also varied (55 oC, 65 oC, and 75 oC) which resulted in an increase 
in the cell efficiency from 8.3% to 81.5%. The present study investigates the effect of different variables on cell performance. 
The different variables investigated included: solution concentration, current density, solution flow rate, and temperature. The 
resulting flow rate of produced hydrogen gas, the effect of electrolyte solution volume, and cell voltage were evaluated. The 
produced oxygen gas, power consumption, energy consumption, and ampere hour capacity are calculated, and the cell 
efficiency is therefore evaluated by comparing the theoretical and experimental mass flow rates of hydrogen gas. 
Additionally, the characterization of electrodes before and after the experiment was done using scanning electron microscopy 
(SEM) examination and alloy composition elemental Mapping. 
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1. Introduction 
In recent years, the global population and standard of 
life have expanded resulting in a progressive growth 
in energy consumption. Moreover, as global warming 
and pollution intensified the importance of 
developing renewable energy sources grew. 
Hydrogen is one of the most promising clean and 
sustainable energy carriers since it emits no carbon 
dioxide and produces only water as a byproduct [1]. 
Hydrogen has a high energy density (140 MJ/kg) 
which is more than twice that of ordinary solid fuels 
(50 MJ/kg). This is one of the many enticing qualities 
of hydrogen as an energy carrier. The current global 
output of hydrogen is anticipated to exceed 500 

billion cubic meters per year. The created hydrogen is 
utilized in numerous industrial applications including 
fertilizers, petroleum refining, petrochemical, fuel 
cell, and chemical industries. Hydrogen has been 
produced from a variety of renewable and non-
renewable energy sources, including fossil fuels, 
particularly steam reforming of methane, coal 
gasification, biomass, and geothermal energy [2]. 
Additionally, the ever-increasing global energy 
demands coupled with limited fossil fuel supplies, 
sustainability, and environmental impact necessitate 
the development of carbon-free energy innovations. 
Today, there is a great deal of emphasis on 
ecologically friendly energy systems that may be able 
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to replace the present energy production based on 
fossil fuels. This can be achieved through the 
production of hydrogen from replenishable water. 
Water splitting and electrolysis are ecologically 
benign and high-purity (99.999%), hydrogen 
manufacturing technologies that employ water to 
produce pure hydrogen and oxygen via thermal, 
electrolytic, photolytic, and chemical conversion of 
biomass water splitting. Due to its widespread 
availability water is considered a sustainable 
feedstock for hydrogen production. The production of 
hydrogen from water has the potential to significantly 
reduce the depletion of fossil fuels and CO2 
emissions [3-6]. 
However, because of the high energy consumption 
and low hydrogen evolution rate, the efficiency of 
hydrogen synthesis via water electrolysis is 
insufficient for economic viability. As a result, a 
large number of academics have been creating 
alternative low-cost, high-efficiency, energy-saving 
technologies to increase efficiency, and reduce 
energy, and power consumption. Water electrolysis is 
a well-developed process for converting water into 
hydrogen and oxygen at low temperatures and 
accounts for 4% of global hydrogen production with 
a cost-effective method of energy storage and 
transfer. Using various electrode materials and 
membrane separators between the anode and cathode 
compartments, scientists continue to improve the 
overall system efficiency. Alternative couplings, 
storage mediums, and membrane assemblies for 
electrolyzers are being developed to increase 
efficiency. A method for determining the efficiency 
of hydrogen-generating systems has been proposed. 
Hydrogen production using photo-electrocatalysis is 
another intriguing method for creating hydrogen from 
water. Here, solar energy is converted into chemical 
energy.  
Electrolysis can be identified by the type of 
electrolyte utilized in the electrolyzer. Alkaline 
electrolysis and proton exchange membrane (PEM) 
electrolysis are the two most important methods for 
creating hydrogen via water electrolysis. In alkaline 
water electrolyzers with narrow gaps, electrodes are 
pressed near porous separators loaded with liquid 
NaOH or KOH electrolytes for alkaline electrolysis. 
Two advantages of this technique are the use of 
inexpensive metals like Fe for cells, system 
components, and a disposable electrolyte. However, 
greater resistances are associated with disadvantages, 
primarily thick separators and intense electro-
catalytic reactions at high voltages. Acidic water 
electrolyzers with thin polymer electrolyte 
membranes are widely advised for increasing current 
densities, and efficiency and reducing power 
consumption because they are less susceptible to 
mass transport limitations. It has been demonstrated 

that hydroelectric power is the most potential 
renewable energy source for manufacturing 
hydrogen, using a variety of approaches to link 
electrolyzers with various renewable energy sources 
to determine the most efficient system. In addition, 
the type of membrane and electrolytes employed can 
substantially affect the reactor's functioning [7]. 
Electro-membrane activities like electro-dialysis, 
diffusion dialysis, energy conversion, and energy 
storage have generated considerable interest in ion 
exchange membranes (IEMs). It’s approved that 
using a membrane instead of an acrylic separator 
enhanced the efficiency of hydrogen production. The 
three types of IEMs are anion exchange membranes 
(AEM), cation exchange membranes (CEM), and 
bipolar membranes (BPM). In the electrolysis process 
AEMs and CEMs are commonly used to create 
chlorine and caustic soda or hydrogen and oxygen 
respectively. Additionally, IEMs are crucial 
components in fuel cell and energy storage devices 
such as batteries [8-10]. 
The previous studies focused on the synthesis of 
hydrogen chemically and electrochemically via 
different technologies with the addition of a catalyst 
which enhances the production rate of hydrogen gas. 
Recently, sustainable H2 can be produced on a lab 
scale using a copper-chlorine cycle with a rate of up 
to 100 L/h. Using Bi2(CrO4)3 by photocatalytic water 
splitting produced 522.44 and 88.24 μmol/g/h of H2 
under UV and visible irradiations. a new reactor 
fabricated using solar energy as an energy source and 
aluminum metal, a maximum H2 production rate and 
reactor coefficient of performance was 420 mL/min 
and 1261 ml H2 per 1 g of Al respectively. 
Electrolysis by HI solution (HI-I2-H2O) produced 
about 300 ml H2 after 1 hour. H2 production through a 
thermochemical water sulfur–iodine splitting cycle 
using hydriodic acid, They used several commercial 
proton-exchange membranes (PEMs) and reported 
that about 700 and 300 ml H2 can be generated for 
100 and 50 mA cm−2 current densities at 60 ◦C 
respectively [11]. A new study has been investigated 
to observe the contribution of the design and thermal 
characterization of an alkaline electrolysis cell for 
hydrogen generation at atmospheric pressure, The 
electrolytic cell was manufactured from acrylic, 316 
L stainless steel sheets as electrodes and considering 
a membrane separation for gases, the effect of current 
conditions, the distance between electrodes on the 
production efficiency of hydrogen, the distribution 
and variation of temperatures on the surface of the 
electrodes in operation were evaluated, Maximum 
hydrogen generation was achieved with a separation 
between electrodes of 3 mm and a current of 30 A at 
12 V. The performance of an alkaline electrolysis cell 
for the application of remote area hydrogen using 
photovoltaic panels, maximum efficiencies of 
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31%was achieved for the alkaline electrolysis cell 
and 4.6% for the entire system including a 360 W 
solar panel [12]. 
Water electrolysis offers high production of hydrogen 
but due to slow reaction rates on many electrode 
surfaces, electrocatalysts needed such as platinum, 
Nickel and rhenium[13], may be impractical for 
economic operation. Therefore, research in this area 
has been focused on finding materials that can 
replace these expensive electrocatalysts. The 
electrocatalytic behavior of stainless steel 304L and 
316L towards water dissociation owing to its 
availability and comparatively inexpensive. Results 
of microscopic characterization, the crystallographic 
orientations, the catalytic activity, and long-term 
stability of stainless steels have yielded results 
similar to or sometimes better than those of the noble 
electrocatalysts, the possible research to find 
solutions to overcome existing challenges is needed 
like lack of active centers, the surface modification 
needed, poisoning of active reaction centers, lower 
operating current density, cell efficiency, and overall 
low stability,  the solution to which could make 
stainless steel a viable replacement for the precious 
metals electrocatalysts [14-16]. The thickness of the 
diaphragms can be reduced with lower resistance this 
can improve the cell efficiency, increase the current 
density with high specific surface area electrode 
materials, reduce the electricity consumption and 
reduce this crossover of the gasses observed at the 
highly concentrated KOH electrolyte using a high 
thickness of diaphragms with nickel-based electrodes. 
this would improve cell efficiency from 53% to 75% 
at 1 A/cm2 [15]. Also, membrane durability is one of 
the major challenges. Generally, the membrane's 
durability is around 30,000 h only due to the polymer 
degradation from the membrane backbone chain. 
Therefore, considerable innovations are required to 
increase the durability and overcome polymer 
degradation which can be achieved by increasing the 
chemical, mechanical, and thermal stability of the 
membranes along with increasing the ionic 
conductivity using high-conducting polymer 
compositions [14, 15]. The nominal current density is 
typically selected based on a trade-off between the 
capital and operational costs of an electrolyzer. A 
lower nominal current density results in better 
efficiency of the plant reducing electricity costs but 
means that more electrolyzers are needed to make the 
same amount of hydrogen, resulting in higher capital 
costs. In practice electrolyzer systems typically have 
a nominal current density corresponding to an 
efficiency of 75–80% (based on the higher heating 
value of hydrogen), which corresponds to a cell 
potential of 1.85–1.97 V [17]. 

Recent BPMs are produced using plasma-induced 
polymerization, their performance is evaluated by 
monitoring the cell voltage and H2 production rate as 
a function of current densities for cells with and 
without BPMs. It has been discovered that BPMs as 
diaphragms increase the hydrogen production 
efficiency of the cell. AEMs can be employed in 
electrochemical applications, including fuel cells [18, 
19], due to their ability to function in low-
temperature fluids and utilize non-precious metals as 
catalysts. The diffusion mechanism is the most 
prevalent transport mechanism in AEMs, it carries 
OH- across the membrane surface. In an AEM 
electrolysis reactor, the cathode and anode comprise 
the external circuit that supplies DC electricity. In an 
alkaline electrolyte, the internal circuit is separated 
by the AEM. Thus, on the anode side, the half-
reaction generates water and oxygen (OER) where 
the hydroxyl ions (OH−) are discharged to produce 
0.5 mole of oxygen (O2) and one mole of water 
(H2O). On the cathode side, the hydrogen network 
link breaks to produce hydrogen ions (HER) where 
two moles of alkaline solution are reduced to produce 
one mole of hydrogen (H2) and two moles of 
hydroxyl ions (OH−), and created on the electrode 
surface via electron transfer. Half-reactions occur 
when the applied potential is larger than the Gibbs 
free energy. Due to ohmic resistance and the need to 
overcome the kinetics of the electrolyte, the 
minimum applied potential needed in practice is more 
than the theoretical minimum. Under normal working 
conditions, the minimum applied potential is 
frequently greater than 1.85 V [20-22].cost estimates 
across all experts for all three electrolyzer types in 
2020. Capital costs for AEC systems by 2020 lie 
between 800 and 1300 $/kW. For PEMEC the 
respective range is 1000 to 1950 $/kW. SOEC 
electrolyzers are estimated to be most expensive at 
3000 to 5000 $/kW, at 2030 the cost expected to be 
reduced [23] 

2. Experimental Methods 

2.1. Materials 

Both anolyte and catholyte solutions are solutions of 
varying concentrations of Sodium hydroxide (1 M, 
1.5 M, and 2 M) prepared with distilled water and 
solution concentration calibrated using a 
spectrophotometer DR-3900. 

2.2. Measures and analysis 

The suggested cell, as depicted in figure (1), was 
constructed as a fixed-bed cell. The electrodes from 
stainless steel 316L as cylinders 15 mm in height and 
15 mm in diameter (aspect ratio = 1) are immersed in 
an aqueous solution of 1 M, 1.5 M, 2 M sodium 
hydroxide as anode solution and a cathode solution 
pumped from 30-liter stainless steel storage by two 



  Mohamed Mortada et.al. 

_____________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem.66, No. SI: 13 (2023)  
 
 

244

plastic pumps at varying flow rates of 1, 2, and 3 liter 
per minute, while the two half cells are separated by a 
cation exchange membrane Fumasep E-620-K. To 
increase cell efficiency, we maximized the electrode 
area to 757,045 cm2 on each side and employed the 
same concentration of sodium hydroxide at 55oC, 
65oC, and 75oC with varying current densities of 4 
mA/cm2, 6 mA/cm2, and 8 mA/cm2, distance between 
electrodes was 1.0 cm from each other and 0.5 cm to 
the membrane. This study's outline is based on cell 
performance in terms of solution concentration, 
current density, flow rate, temperature, measurement 
of the volumetric flow rate of produced hydrogen gas 
(ml/min), reduction in electrolyte solution volume of 
30 liters, and cell voltage. The percentage of oxygen 
gas produced, power consumption, energy capacity 
consumption, ampere-hour capacity consumption, 
and cell efficiency are calculated by comparing the 
theoretical and experimental mass flow rate of 
evolved hydrogen gas. Additionally, the 
characteristics of electrodes using SEM and Mapping 
of alloy components ensure that cathodic metal is 
unaffected while the anodic one has tiny pits on the 
protective oxide under the effect of stress corrosion 
cracking, as depicted in figure (2). Concentration of 
dissolved Fe+2 was tested by using a 
spectrophotometer DR-3900 and atomic absorption 
spectroscopy and it’s not exceeded 0.05 mg per liter. 
Produced hydrogen gas purity was tested by gas 
chromatography. 
 
Cell responses[24] 
At the cathode: two moles of alkaline solution are 
reduced to produce one mole of hydrogen and two 
moles of hydroxyl ions on the surface of stainless 
steel. 

4H2O + 4e- = 2H2 + 4OH-Eo = -0.828 V   (1) 

While at the anode: the two hydroxyl ions are 
discharged to produce the 0.5 mole of oxygen (O2) 
and one mole of water on stainless steel in the 
presence of sodium hydroxide solution 

4OH- = O2 + 2H2O + 4e-Eo = 0.4V       (2)  

Total cellular response: 

2H2O = 2H2 + O2E
o = 1.23V      (3)  

Experiments were conducted utilizing the apparatus 
depicted in Figure (1) for measurements and analysis. 
The reactor contains four sections which are the inlet, 
the outlet sections for the electrolyte solution, the 
Upper outflow section for hydrogen and oxygen 
gases, the electrical circuit, and the working portion. 
The working portion of the reactor is comprised of 

two 15x15x15 cm3 translucent plexiglass cubes with 
a thickness of 10 mm, the input and output parts are 
comprised of plastic pipes with stainless steel 316L 
valves to control the flow rate and a flow meter to 
measure the electrolyte's volumetric flow rate. While 
the two cubic compartments separated by a cation 
exchange membrane (Fumasep E-620-K) that only 
permits the passage of sodium ions and prohibits the 
passage of hydroxide ions and is characterized by 
small thickness (20µm) to reduce resistance, facilitate 
and improve ionic conductivity. The anodic 
compartment consists of a sheet of stainless steel 
316L (10 cm x 10 cm) directly connected to stainless-
steel 316L cylinders (1.5 cm height x 1.5 cm 
diameter) with an aspect ratio = 1 with a total area of 
757.045 cm2 that are connected and to the positive 
pole of a DC power supply to function as an anode 
and immersed in different concentrations of sodium 
hydroxide solution. The cathode compartment is 
comprised of a stainless-steel 316L sheet (10 cm x 10 
cm) and stainless-steel 316L cylinders (1.5 cm height 
x 1.5 cm diameter)) with an aspect ratio = 1 and a 
total area of 757.045 cm2, connected to the negative 
pole of the DC power supply to function as a cathode 
and immersed in the same sodium hydroxide 
electrolyte solution. The solution is heated using a 
stainless-steel 316L coil as a heater within the tank 
with temperature control and pumped from stainless-
steel 316L storage tanks at various temperatures 55 
oC, 65 oC, and 75 oC to the two half cells using Iwaki 
plastic centrifugal pumps with half horsepower. The 
electrical circuit was comprised of a 40-volt and 10-
ampere direct current power source, a multi-range 
ammeter linked in series with the cell, and a high-
impedance voltmeter connected in parallel to monitor 
the cell voltage. Before each run, a plastic centrifugal 
pump circulates the solution from the storage tank to 
the two half-cells. The solution entered the half-cell 
via the intake tube positioned above the cell's base. 
An identical pair of exit tubes for each side were 
installed at the reactor's apex. The solution flow rate 
is controlled by stainless steel 316L valves, and the 
current was adjusted to the required value using a 
variable rheostat. Hydrogen and oxygen gas are then 
produced and collected over the surface of the 
solution, before entering the upper section, which is 
responsible for separating water vapor from evolved 
gases by condensation (using a condenser and an ice 
path surrounding the upper column). Evolved gases 
pass through the non-return valve (prevent gas from 
the return to the working portion) and then to the gas 
flow meter to identify the volume of produced 
hydrogen and oxygen and pressure gauge to identify 
the pressure of evolved hydrogen and oxygen. 
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3. Results and Discussion 

3.1.  Relationship between hydrogen production rate, 

voltage and time: 

The study show that the cell voltage decreases 
slightly with increasing time (decreased by 0.1 to 0.3 
volt over 100 minutes concerning other variables) 
where the average maximum cell voltage at current 
densities of 4 mA/cm2, 6 mA/cm2, and 8 mA/cm2 

respectively reach 3.9 V, 5.3 V, 5.9 V at lower 
concentration, temperature conditions and the 
average minimum cell voltage at reach 2.2 V, 3.3 V, 
4.2 V at higher concentration and temperature 
conditions at the same current densities. while as 
shown in Figure (3) the flow rate of produced 
hydrogen increases gradually in the first 30 minutes 
and then becomes constant till the end of each run, 
since electrolysis of water in standard conditions 
requires a theoretical minimum of 237 kJ per mole of 
electrical energy to dissociate each mole of water, 
which is the standard Gibbs free energy of formation 
of water and energy to overcome the change in 
entropy of the reaction. Therefore, the process cannot 
proceed below 286 kJ per mole if no external energy 
is added, it follows that the minimum voltage 
necessary for electrolysis is about 1.23 V, but If 
electrolysis is carried out at a high temperature, this 
voltage reduces. In this way, thermal energy can be 
used for part of the electrolysis energy requirement 
which improves the diffusion of electroactive species 
till reaches a constant reaction rate. indicating that all 
electrons provided by the negative pole of the DC 
power supply to the cathode are consumed by a large 
number of hydrogen ions [24-26]. 

ΔG
0
 = ΔH

0 
- TΔS

0
= -nFE

0
(4)

 

The primary sources of increased voltage over 
reversible potential which corresponds to a zero-
reaction rate may include ohmic loss of electrolyte, 
ohmic loss for electric resistance of electrodes, 
circuitry, and overvoltage associated with oxygen and 
hydrogen reactions. Both overvoltage and ohmic loss 
increase with the increasing current density [27]. 

3.2.  Effect of the flow rate: 

As shown in Figure (4), the flow rate of produced 
hydrogen increases. Also increases from 23.9 ml/min, 
30.9 ml/min to 38.7 ml/min as the flow rate of the 
electrolyte solution increases from 1 L/min, 2 L/min 
to 3 L/min (Laminar flow) with respect to other 
parameters, as a result of increasing the rate of mass 
transfer of the ions to the electrode surface, reduce 
the thickness of the diffusion layer or boundary layer 
and removing bubbles from the electrodes surface 
under different current densities either by stirring or 
by pumping the solutions at higher velocities through 

each half-cell at a faster rate. It observed that At low 
current density, the increase in electrolysis potential 
caused by bubbles is not obvious, the H2 and 
O2 bubbles in the gas-evolving electrodes result in a 
substantial effect on mass and heat transfer, But when 
the current increasesmore bubbles cause a slight 
increase in electrolysis potential[28].  Electrolyte 
solution must be isolated from the surrounding 
atmosphere to avoid the effect of carbon dioxide, 
which reacts with a caustic solution to generate 
carbonates, which reduce the conductivity of 
electrolyte solution (consume hydroxyl groups), 
block membrane, forming scale and decrease 
electrolysis efficiency [29, 30]. 

3.3. Implications of current density: 

As depicted in Figure (5), the produced hydrogen gas 
flow rate increases by increasing the current density. 
Also increases from 33.4 ml/min, 36.4 ml/min to 38.7 
ml/min. with increasing the current density from 4 
mA/cm2, 6 mA/cm2, to 8 mA/cm2 tends to increasing 
the amount of consumed electricity (more electrons) 
on the metal surface, which attracts more hydrogen 
ions on the cathode and increases the rate of 
hydrogen and oxygen gas production. Increasing 
current density tends to accelerate the rate of 
electrochemical reaction, resulting in a greater 
hydrogen gas production rate. However, it has been 
observed that at higher current densities, the number 
of gas bubbles on the electrode surface increases 
(removed under the effect of electrolyte pumping) 
thereby increasing the electrolysis potential which is 
not obvious at low current density [25, 28, 29]. 

m = Z I t                                       (5) 

m = mass of a substance (in grams) deposited or 
liberated at an electrode, Z is the proportionality 
constant or electrochemical equivalent grams per 
coulomb (g/C), t is the time in a second, and I 
represent the total current in ampere. 

 
3.4.  Concentration's effects: 

As demonstrated in Figure (6), the produced 
hydrogen flow rate increases with increasing 
concentration. Also increases from 29.5 ml/min, 35.7 
ml/min to 38.7 ml/min. Increasing the concentration 
of sodium hydroxide solution from 1 M, 1.5 M to 2 
M causes a reduction in the effect of concentration 
polarization, a higher diffusion rate of ions to the 
counter electrode, an increase in ionic conductivity, a 
decrease in electrolyte resistivity, a higher number of 
the available reactant at the electrode surface area for 
reaction at same power input, reduce cell voltage and 
an increase in the electrical current passing through 
the solution and consequently to a decrease of the 
requirement of less voltage at same current density 
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operation which leads to increase in hydrogen and 
oxygen production efficiency [27] concerning the 
purity of distilled water and exposure to moisture to 
avoid blocking of active reaction sites on metal 
surface and membrane. Also, it is observed that 
voltage decreases with increasing the electrolyte 
concentration, this is due to reduce cell resistance 
[24, 30, 31].  
 
3.5.  The impact of temperature: 

As illustrated in Figure (7), the production rate of 
hydrogen gas increases. Also increase from 33.6 
ml/min, 36.7 ml/min to 38.7 ml/min. By increasing 
the temperature of the electrolyte solution from 55 
oC, 65 oC, to 75 oC, it was discovered that increasing 
the temperature helps to maximize the diffusion of 
ions, decrease the cell voltage, reducing the system's 
energy requirements from 58.5 Wh, 56.8 Wh to 55.9 
Wh by increasing the temperature of the electrolyte 
solution from 55 oC, 65 oC, to 75 oC at 8 mA/cm2 
(lowering Gibb’s free energy and cell performance 
increases with temperature due to reduced reversible 
potential, kinetic loss, and ohmic loss) [27], 
minimizing cell resistance, accelerating the rate of 
electrochemical reaction, decreasing the activation 
overpotential [24, 25, 32]. Temperature is one of the 
most important variables in electrolysis because the 
efficiency increases with increasing the temperature 
due to the required potential to produce the same 
quantity of hydrogen being reduced considerably, 
causing the cell more efficient, since it needs fewer 
energy requirements. This behavior is due to the 
rupture potential of a molecule decreasing with 
increasing temperature. This is explained, through the 
mass transfer phenomena that occur in the 
electrolyzer, since an increase in temperature favors 
the molecular collisions between ions of the 
electrolyte. A high number of molecular collisions 
facilitates the passage of an electric current through 
the electrolyte. Hence, higher temperature help to 
facilitate the stretching of the OH bands, and less 
amount of energy is needed to break the OH for 
hydrogen production, the electrical resistance 
decreases (ionic conductivity of the electrolyte 
increases) which increasing the efficiency of the 
electrolytic cell [33].  

3.6.  Relationship between energy use (power 

consumption), consumed ampere hour capacity, 

energy density consumption against temperature and 

the rate of hydrogen production: 

P (W)= I (mA/cm
2
) x V (volts)  (6)  

As demonstrated in Figures (8), the production rate of 
hydrogen and oxygen gas increases. Its rises from 

24.2 ml/min, 26.7 ml/min to 29.5 ml/min by 
increasing electrolyte temperature and power 
consumption decreases from 35.3 W, 34.2 W to 33.7 
W by increasing the temperature of the electrolyte 
solution from 55 oC, 65 oC, to 75 oC at constant 
current density. To minimize the resistance and 
power loss, the membrane must have a high ionic 
conductivity, and hydrophilic characters at the 
interface between the liquid electrolyte and solid 
membrane surface to ensure a fast ion transfer. In 
addition, the fast ionic transport must be highly 
selective and the transport of active species must be 
minimized to reduce energy losses [4, 29]. 

(Ah) = Itotal (Ampere) x (t) (hours)                          (7) 

As seen in Figures (9), the production rate of 
hydrogen and oxygen gas rises. The ampere-hour 
capacity will remain constant unless the current 
density is increased, at which point it will increase 
from 4.98 Ah to 7.47 Ah to 9.96 Ah with increasing 
current density from 4 mA/cm2, 6 mA/cm2, to 8 
mA/cm2 which means increasing the electrolysis 
current made the current (ampere) consumption by 
active species with respect to time increase which 
leads to higher production rate of hydrogen (14.1 
ml/min to 16.5 ml/min to 18.9 ml/min at 55 oC, 16.1 
ml/min to 18.7 ml/min to 21.3 ml/min at 65 oC and 
18.5 ml/min to 21.5 ml/min to 23.9 ml/min at 75 oC) 
but with reduced electrolysis efficiency [29, 34]. 

E (KWh) = V (volts) * Itotal (A) * t (minutes)   (8) 

As demonstrated in Figures (10) the production rate 
of hydrogen and oxygen gas increases. Increasing the 
temperature maximizes the diffusion of ions and 
decreases the cell voltage, while other variables 
directly affect the energy density consumption 
reduced from 111 kWh/kg of  H2, 89.4 kWh/kg to 
75.6 kWh/kg at 4 mA/cm2  by increasing the 
temperature of the electrolyte solution from 55 oC, 65 
oC, to 75 oC at 8 mA/cm2 and 302.3 kWh/kg, 266.1 
kWh/kg, 236.8 kWh/kg at the same current densities, 
where it is found to decrease with increasing 
electrolyte temperature due to a reduction in cell 
voltage, decreases system energy requirements at 
constant current density [4]. 

 
3.7.  Effect of concentration and temperature on cell 

voltage 

As shown in Figure (11,12), as concentration and 
temperature (important parameters and responsible 
for determining system efficiency) increased, the cell 
voltage decreased from 5.88 V, 5.64 V to 5.1 V at 8 
mA/cm2. This was caused by an increase in 
concentration reducing the effect of concentration 
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polarization, a higher diffusion rate of ions to the 
word electrode, a rise in ionic conductivity, and a 
decrease in electrolyte resistivity. Increasing the 
temperature maximizes the diffusion of ions and 
reduces the cell voltage from 3.9 V, 3.8 V to 3.7 V by 
increasing the temperature of the electrolyte solution 
from 55 oC, 65 oC, to 75 oC at 4 mA/cm2 with regard 
to other variables where increasing the temperature 
reduces the system energy requirements, minimizes 
cell resistance, improves hydroxyl group 
conductivity, accelerates the rate of electrochemical 
reaction, resulting in a higher hydrogen gas 
production rate, and reduces the activation over 
potential [25, 29, 33]. 
 
3.8.  Effect of current density on cell voltage  

As demonstrated in Figure (13), as current density 
increases, more electrons are transferred, the rate of 
electrochemical reaction increases, and the cell 
voltage rises from 3.7 V, 5.03 V to 5.6 V with 
increasing current density from 4 mA/cm2, 6 
mA/cm2, to 8 mA/cm2 at 75 0C due to constant cell 
resistance [29]. 
The hydrogen production rate increase with 
increasing voltage because of the lowering in 
bonding energy of hydrogen and oxygen. Therefore, 
increasing the temperature, the enthalpy of the system 
increase, larger number of molecules get high energy 
as voltage and temperature increase where the OH 
bonds easily stretched and the interaction between 
OH decreases and less amount of energy is needed to 
break the OH bond therefore the production of 
hydrogen with temperature and voltage are directly 
proportional [35]. At a low current density, the 
operating voltage increases by the activation 
overpotential which can be reduced by the addition of 
a catalyst, at the mid-level current density, the 
operating voltage increases owing to the ohmic loss, 
at a high current density, the operating voltage 
increases owing to the mass transfer parameters [36]. 
 
3.9.  Cell performance and system effectiveness: 

Depending on the operating conditions and measured 
parameters, the electrolysis efficiency can be 
computed in a variety of ways, in the present work 
the faradic efficiency will be calculated using the 
experimental (actual) and theoretical mass flow rates 
of produced hydrogen gas. Improvements in 
efficiency are possible but not prioritized for two 
reasons. First, relatively low electricity costs and 
non-continuous operation, operating costs are small, 
so the reduction of capital costs has priority. Second, 
efficiencies are maximized at low current density, but 
to reduce capital costs, however, most research is 
focused on increasing current density. Experts also 
highlight that system efficiency alone is not the most 
important factor, but rather the efficiency including 

hydrogen purification and pressure- isolation for its 
final application [23]. 

% Electrolysis Efficiency = (actual mass flow rate of 

hydrogen gas collected/theoretical mass flow rate of 

hydrogen) * 100.    (9) 

At low pressure and temperature, hydrogen gas can 
behave as an ideal gas. The electrolyzer records 
efficiencies ranging from 8.3% to 81.5%, depending 
on the operating conditions of current density, 
temperature, electrolyte solution concentration, and 
flow rate as shown in figure (14,15,16,17), the cell 
efficiency increased from 58.8%, 76.9% to 81.5% by 
increasing the concentration due to increase the 
concentration reduces the effect of concentration 
polarization, the higher diffusion rate of ions to the 
word electrode, and increasing the ionic conductivity. 
Increasing current density tends to accelerate the rate 
of electrochemical reaction, resulting in a greater 
hydrogen gas production rate with lower efficiency 
81.5%, 61.5% to 50.9% with increasing current 
density from 4 mA/cm2, 6 mA/cm2, to 8 mA/cm2, 
therefore current density is regarded as a crucial 
parameter governing system efficiency [29]. 
The higher efficiencies value (81.5% and 76.9%) 
appears at higher concentrations of 2 M and 1.5 M at 
temperature 75 0C and smaller current density of 4 
mA/cm2 and reaches, whereas the lower values 
(8.3%) appear at lower flow rates of electrolyte 
solution, indicating the significant effect of pumping 
electrolyte solution on the rate of mass transfer and 
rate of hydrogen production. The cell efficiency is 
mediated between 20%-80%, which is comparable 
and accepted values compared with others as shown 
in table (1) [37-43]. 

4. Conclusions: 

Based on the outlined data in the present study, 
several important points can be concluded and listed. 
The cell voltage decreases with time by 0.1 to 0.3 
volts per 100 minutes (time of each run). The 
hydrogen production rate increases from 4.2 ml/min 
to 38.7 ml/min as the electrolyte solution flow rate, 
current density, concentration, and temperature of 
sodium hydroxide solution are increased. 
Elevation of electrolyte temperature reduces power 
consumption from 35.2 watts to 6.7 watts, and energy 
density consumption is reduced from (302.3 kWh/kg 
of H2 to 75.6 kWh/kg of H2) owing to voltage 
reduction at constant current density. While Ampere-
hour capacity consumption is constant over all cycles 
unless the current density is increased. With 
increasing current density from 4 mA/cm2, 6 mA/cm2 
to 8 mA/cm2, the ampere-hour capacity consumption 
begins to increase from 4.98 Ah to 7.47 Ah to 9.96 
Ah.  
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Higher efficiencies of 81.5% are observed at higher 
concentrations, temperatures, and flow rates, while 
lower efficiencies of 8% are observed at lower flow 
rates of electrolyte solution and current density, 
indicating that electrolyte solution pumping has a 
significant effect on the rate of mass transfer and the 
rate of hydrogen production. 
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  الملخص العربى
ثابت كما هو موضح  مهد (سرير)تم إنشاء الخلية المقترحة على شكل 

 L316). الأقطاب الكهربائية من الفولاذ المقاوم للصدأ 1في الشكل (
موليبدينوم بالمائة  3-2بالمائة نيكل ،  14- 10بالمائة كروم ،  18- 16(

ملم  15ملم وقطرها  15بالمائة كربون) كأسطوانات بارتفاع  .080، 
هيدروكسيد الصوديوم كمحلول من مغمورة في محلول مائي من 

من الفولاذ المقاوم للصدأ  خزانيتم ضخه من  ىومحلول كاثود ىأنود
بمعدلات تدفق مختلفة  البلاستيكمن لترًا بواسطة مضختين 30سعة 
لترات في الدقيقة. في هذه الدراسة ، قمنا بتكبير مساحة  3،  2،  1تبلغ 

على كل جانب واستخدمنا نفس تركيز  2سم 757،045إلى  السطح
درجة مئوية ،  55هيدروكسيد الصوديوم عند درجات حرارة مختلفة (

مللي  8،  6،  4درجة مئوية) وكثافة التيار ( 75درجة مئوية ،  65
يعتمد مخطط .٪81.5٪ إلى 8.3الخلية من  ) لزيادة كفاءة2أمبير / سم

هذه الدراسة على أداء الخلية من حيث تركيز المحلول ، وكثافة التيار 
، ومعدل التدفق ، ودرجة الحرارة ، وقياس معدل تدفق غاز 

/ دقيقة) ، وانخفاض حجم محلول  ىلل(م الناتجالهيدروجين 
الأكسجين الناتج ، غاز كمية . يتم حساب ةالإلكتروليت وجهد الخلي

، ويتم  لكل ساعة ، سعة الأمبيرالقدرة المستهلكةواستهلاك الطاقة ، و
حساب كفاءة الخلية من خلال مقارنة معدل التدفق الكتلي النظري 

تم التأكد من . بالإضافة إلى ذلك ، فالناتجلغاز الهيدروجين  والعملى
لأقطاب توصيف انقاء الغاز الناتج باستخدام الكروماتوجرافىو

السبيكة يضمن عدم تأثر  اتمكون ومعرفة SEM الكهربائية باستخدام
 (2) كلكما هو موضح في الش بالتفاعل المعدن الكاثودي
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Table (1) 

Comparison between the main characteristics in electrolysis 
technology 

 

 

 
 

 
 
 
 
 
 
 

 
 

 

 
 

 

 

 

 

 
Figure (1):  Schematic diagram of alkaline electrolyzer 
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Figure (2-a): Morphological examination of the surfaces of 
stainless-steel rods before experiments by SEM 

 

 

 

 

 

 

 

 

 

 

 
Figure (2-b): Morphological examination of the surfaces of 
stainless-steel rods after experiments by SEM 
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Figure (3): Hydrogen gas flow rate (ml/min) against time (min) at 
different current densities (mA/cm2) 

 

 

 
 

 

Figure (4): Hydrogen gas flow rate (ml/min) against volumetric 
flow rate of sodium hydroxide solution (L/min) at different current 
densities (mA/cm2) 
 

 
 

 

 
Figure (5): Hydrogen gas flow rate (ml/min) against different 
current densities (mA/cm2) at different volumetric flow rate of 
sodium hydroxide solution (L/min) 

 

 

 

 

 

 

 

 

 

 
Figure (6): Hydrogen gas flow rate (ml/min) against concentration 
of sodium hydroxide solution (M) at different current densities 
(mA/cm2) 

 

 

 
Figure (7): Hydrogen gas flow rate (ml/min) against temperature 
of sodium hydroxide solution (ºC) at different current densities 
(mA/cm2) 
 

 

 
Figure (8):  Hydrogen gas flow rate [O] in (ml/min) and power 
consumption [□] in (watt) against temperature of sodium 
hydroxide solution (ºC) at different current densities (mA/cm2) 
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Figure (9): Hydrogen gas flow rate [O] in (ml/min) and ampere 
hour capacity consumption [□] in (Ah) against temperature of 
sodium hydroxide solution (ºC) at different current densities 
(mA/cm2) 

 

 
Figure (10): Hydrogen gas flow rate [O] in (ml/min) and energy 
capacity consumption [□] in (KWh) against temperature of sodium 
hydroxide solution (ºC) at different volumetric flow rate of sodium 
hydroxide (L/min) 
 

  
Figure (11): Cell voltage (Volts) against concentration of sodium 
hydroxide solution (M) at different volumetric flow rate of sodium 
hydroxide (L/min) 
 

 

 

 

 
Figure (12):  Cell voltage (Volts) against temperature of sodium 
hydroxide solution (ºC) at different concentration of sodium 
hydroxide solution (M) 
 

 

 

 

 

 

 
Figure (13): Cell voltage (Volts) against current density (mA/cm2) 
at different temperature of sodium hydroxide solution (ºC) 
 

 

 

 

 

Figure (14):  % Cell efficiency against concentration of sodium 
hydroxide solution (mole/L) at different current densities 
(mA/cm2) 
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Figure (15):  % Cell efficiency against temperature of sodium 
hydroxide solution (ºC) at different current densities (mA/cm2) 
 

 
Figure (16):  % Cell efficiency against volumetric flow rate of 
sodium hydroxide solution (L/min) at different current densities 
(mA/cm2) 
 

 
Figure (17): % Cell efficiency against current densities (mA/cm2) 
at different concentration of sodium hydroxide solution (M) 
 

 

 

 

 

 

 

 

 

 


